Theoretically long gamma-ray bursts (GRBs) are expected to happen in low-metallicity environments, because in a single massive star scenario, low iron abundance prevents loss of angular momentum through stellar wind, resulting in ultra-relativistic jets and the burst. In this sense, not just a simple metallicity measurement but also low iron abundance ([Fe/H] -1.0) is essentially important.
INTRODUCTION
Observationally, there is a population of gamma-ray bursts (GRBs) that shows 'long' durations (> 2s) of bursts (Kouveliotou et al. 1993) . It is widely accepted Koter 2005). Thus, low iron abundance ([Fe/H] -1.0) is favored in this single massive star scenario, because the progenitor with low iron abundance does not lose its angular momentum by the mass loss during its evolution (e.g., Yoon et al. 2006) . Observationally, oxygen abundance has been used as an indicator of iron abundance rather than iron abundance itself, since oxygen has strong emission lines in the rest-frame optical wavelength. Indeed, optical emission-line diagnostics show that many of the GRB hosts have the subsolar oxygen abundances (e.g., Stanek et al. 2006; Modjaz et al. 2008 ; Levesque et al. 2010a,b) .
However, recent observational efforts to investigate unbiased host samples indicate that GRBs can occur in dusty massive star-forming galaxies (e.g., Hashimoto et al. 2010; Perley et al. 2016a,b) , implying high oxygen abundance. In fact, some of these host galaxies have been confirmed to show high oxygen abundance approaching the solar value based on the emission-line diagnostics (e.g., Graham & Fruchter 2013; Hashimoto et al. 2015; Krühler et al. 2015; Stanway et al. 2015) . The possible high-metallicity environment of GRBs has also been reported from the absorption system in the optical afterglow (e.g., Savaglio et al. 2012) .
Why is the oxygen abundance high despite the theoretical expectation? There could be three possible explanations for such a GRB environment with high oxygen abundance. One is the metallicity dispersion of starforming region within a host galaxy. The spatial resolutions of abundance measurements at the GRB positions (typically kpc scale) are still not enough to resolve each star-forming regions (Niino et al. 2015) , except for particularly near GRB host galaxies such as 980425 (Hammer et al. 2006) . In this sense, observed high oxygen abundances (regardless of averaged over the whole host galaxy or at the GRB position) do not exclude the hypothesis that the GRBs are born in environments with low oxygen abundances.
Secondly, there may be another channel for massive stars to become GRBs, other than the single massive star scenario. For instance, a binary star merger explosion scenario may be important to GRBs that are hosted by galaxies with high oxygen abundance. In this scenario, the merging stars take in their orbital angular momentum during the merging process. The sufficient angular momentum required for a GRB explosion is maintained even in the high-metallicity environment (e.g., Nomoto et al. 1995; Fryer et al. 1999) .
The third possible explanation is the overabundance of oxygen, i.e., a high value of [O/Fe] in GRB host galaxies. In such a case, the oxygen abundance can be as high as the solar value, even if the iron abundance is very low, as expected from the single massive star scenario mentioned above. It is well known that the iron is mainly produced by Type Ia supernovae (SNe Ia; Tinsley 1979) , whereas α elements such as oxygen, neon and sulfur are produced by Type II supernovae (SNe II). The time scale of SNe Ia (∼ 10 9 yr) is much longer than that of SNe II (∼ 10 7 yr). Therefore it is possible that a very young galaxy has no (or less) experience with chemical enrichment from SN Ia but has contribution from SN II, which results in a high value of [O/Fe] (e.g., McWilliam 1997) . In fact, the overabundance of oxygen has been confirmed for galaxies with strong emission lines (Izotov et al. 2006) , which are probably dominated by very young stellar populations undergoing active star formation. Such may be the case with GRB host galaxies, since many GRBs are hosted by galaxies with young stellar populations (e.g., Savaglio et al. 2009 ). In addition, the top-heavy initial mass function (IMF) also can increase the ratio of α element to iron, because theoretical predictions of elemental yields of SNe II show that [α/Fe] increases with increasing progenitor mass (e.g., Wyse & Gilmore 1992; Woosley & Weaver 1995) . The single massive star scenario might favor the top-heavy IMF of GRB host galaxies. Therefore, GRB host galaxies could have a high value of [O/Fe] . If so, the oxygen abundances of GRB hosts might not always be a good indicator of iron abundance.
To test these scenarios, it is important to directly measure the iron abundance of the GRB host with high oxygen abundance. Some nearby GRB host galaxies enable us to measure the flux of the weak [Fe iii]λ4658 line that is necessary to estimate the iron abundance based on emission-line diagnostics. Therefore, we measured the iron abundance of the nearby host galaxy of GRB 080517 at z=0.089. The oxygen abundance of GRB 080517 is around the solar value (Stanway et al. 2015) . This is the first attempt to measure the iron abundance of the GRB host with high oxygen abundance.
In addition, we present the iron abundance measurements of the GRB 980425 host galaxy at z=0.0085. GRB 980425 has been reported to show low oxygen abundance (Hammer et al. 2006) but is an ideal case to constrain the iron abundance at the position of the GRB, thanks to the close distance and high signal-tonoise ratio (S/N) of the spectrum. Often, iron abundance was measured using the GRB afterglow (e.g., Prochaska et al. 2007) , resulting in the integrated abundance rather than at the GRB site. In this work, we measure iron abundance from the spectra of GRB hosts. As such, for GRB 980425, we are able to constrain the iron abundance of the GRB site. This is the first case in which the iron abundance was constrained at the GRB site without contamination from the other part of the host galaxy. The Wolf-Rayet (WR) region in GRB 980425 host, which is ∼ 800 kpc away from the GRB site, is also one candidate for the birthplace of the GRB (Hammer et al. 2006) . Therefore, we include the WR spectrum in our analysis, as well as the GRB 980425 site.
Throughout this paper, we use the solar abundances by Asplund et al. (2009) .
OBSERVATIONS
To measure the iron abundance, we obtained a spectrum of the host galaxy of GRB 080517 using the Subaru/Faint Object Camera and Spectrograph (FOCAS; Kashikawa et al. 2002 ) with a B300 grism and L600 filter covering 4000-6000Å as well as the standard star SAO 025976 on 2017 January 8. The slit was oriented to cover the central part of the host galaxy, GRB position, and neighbor galaxy, as shown in Figure 1 . The slit width of 1 .0 used here corresponds to a resolving power of R ∼ 400. Six iterations of three dithering exposures were performed to achieve in a total of 3 hr of exposure on source. We reduced 2-dimensional (2D) spectral data in a standard procedure using IRAF. Figure 2 shows clear detections of strong emission lines such as Hβ and [O iii]λ5007 and continuum of the host galaxy. The central 5 pixels, which correspond to 0 .52 on the sky and 0.9 kpc in physical distance on the host, are extracted to make a 1D spectrum of the host.
In addition, we investigate the 1D spectra of the GRB 980425 host galaxy extracted from the burst position (SN) and WR region that is ∼800 kpc away from the burst position, which were reduced by Hammer et al. (2006) . The spectra were obtained with the VLT/FORS2 (600B and 600RI grisms with a resolution R ∼ 1300) covering 3322-8624Å (Hammer et al. 2006) .
The detection or constraint of the emission-line flux of iron is essential to estimate iron abundance (see details in section 3). In the previous study, the GRB 980425 host was also observed with VLT/MUSE ranging from 4750 to 9300Å, which covers [Fe iii]λ4881 (Krühler et al. 2017) . We note, however, that [Fe iii]λ4881 covered by MUSE is empirically weaker than [Fe iii]λ4658 covered by FORS2 by a factor of ∼3 (Rodríguez 2002) . The exposure time in VLT/MUSE is 2 times longer than that in VLT/FORS2. In a simple estimate, we expect that the S/N in MUSE is √ 2 times higher than the FORS2 spectrum for the same emission-line flux. The [Fe iii]λ4658 in the FORS2 spectrum should have a higher S/N ratio than the [Fe iii]λ4881 in MUSE by factor of ∼3/ √ 2. No clear feature of [Fe iii]λ4881 can be found in the MUSE spectrum reported in Figure 2 in Krühler et al. (2017) . Therefore, we use VLT/FORS2 data rather than VLT/MUSE in our analysis.
The reference galaxies to the GRB hosts are collected from the Sloan Digital Sky Survey (SDSS), in which gasphase iron abundances are measured based on the Te method (Izotov et al. 2006 ). These galaxies are likely biased toward low metallicity, because not only weak [Fe iii]λ4658 but also [O iii]λ4363 need to be detected. The star-forming galaxies with strong emission lines are biased toward higher star-forming rate and lower metallicity (e.g., Mannucci et al. 2010 ) with young stellar populations (Izotov et al. 2006) . Figure 3 shows the stellar mass-metallicity relation of normal star-forming galaxies (black contours) selected from the SDSS Data Release 7 (DR7; Abazajian et al. 2009 ) at a redshift between 0.04 and 0.1 (see also Hashimoto et al. 2018 , for details of sample selections). We used the publicly available catalogue of emission-line fluxes and stellar mass produced in collaboration between the Max Planck Institute for Astrophysics and Johns Hopkins University (Kauffmann et al. 2003; Brinchmann et al. 2004; Salim et al. 2007) . We note that the oxygen abundance in Figure  3 is based on the strong emission diagnostic (Pettini & Pagel 2004) , because the Te method is not available for the majority of SDSS galaxies. The oxygen abundances of iron-measured SDSS galaxies (black dots) are actually comparable to the low-metallicity end of the stellar mass-metallicity relation of normal star-forming galaxies. The oxygen abundances of the GRB 080517 and 980425 hosts are calculated from the strong emissionline fluxes integrated over the whole host galaxies reported in Christensen et al. (2008) and Stanway et al. (2015) . We used stellar masses of GRB hosts calculated in the literature (Castro Cerón et al. 2010; Stanway et al. 2015) . The oxygen abundance of the GRB 080517 host is well above the distribution of iron-measured SDSS galaxies and consistent with the stellar mass-metallicity relation of normal star-forming galaxies. The GRB 980425 host is between normal star-forming galaxies and iron-measured SDSS galaxies.
GAS-PHASE ABUNDANCE DETERMINATION
We follow the formulations of the gas-phase oxygen, neon, sulfur, and iron abundances by Izotov et al. (2006) , which can be calculated from observed emission lines. Here the neon and sulfur abundances are required to estimate the depletion factor of iron discussed in section 6. In Izotov et al. (2006) Figure 1 . Optical image (20 × 20 ) of the host galaxy of GRB 080517 and companion galaxies obtained by WHT (Stanway et al. 2015) . North is up, and east is left. The slit position of Subaru/FOCAS is indicated by blue lines. The 90% confidence error circle (1 .5 in radius) from the Swift XRT detection of the afterglow is indicated by the red circle. The red cross is the center of the afterglow.
According to Izotov et al. (2006) 
where t = 10 −4 T e (O iii). The electron temperature, t, can be derived from the equation
where
and x = 10 −4 N e t −0.5 . The electron density, N e , is derived from the [S ii]λ6717/[S ii]λ6731 line ratio (e.g., Osterbrock 1989; Proxauf et al. 2014) . The abundances of neon, sulfur, and iron are calculated from the abundances of the specific ionized elements and ionization correction factors (ICFs), 12 + log Ne/H = 12 + log Ne 
ICF ( 
and 12 + log Fe/H = 12 + log Fe Figure 2 . The 2D spectrum of the GRB 080517 host obtained by Subaru/FOCAS, including those of neighbor galaxies. Figure 3 . Stellar-mass metallicity relation of star-forming galaxies. The three black contours contain 68.3%, 95.5%, and 99.7% of star-forming galaxies selected from the SDSS DR7. The SDSS galaxies with a measurement of iron abundance (Izotov et al. 2006 ) are indicated by black dots. Colored symbols are the GRB 080517 and 980425 host galaxies. The oxygen abundance of the GRB host is measured from emission-line fluxes integrated over the whole host galaxies (Christensen et al. 2008; Stanway et al. 2015 ) based on the metallicity calibration by Pettini & Pagel (2004) . 
The ICF here is a correction term applied to an abundance of a specific transition of ion in order to take into account the ion abundances in the other transitions (Izotov et al. 2006) , i.e., 12+log(M /H)=12+log(M ion /H)+log(ICF(M ion )). The formulae of ICFs, categorized into "low Z,""intermed. Z,"and "high Z,"are applicable to 12 + log O/H ≤ 7.4, 7.4 < 12 + log O/H < 7.9, and 12 + log O/H ≥ 7.9, respectively. In calculations of gas- (2), (11), and (16). Here T e (S iii) is adopted for the S 2+ calculation in Equation (12), and T e (O iii) is used for the O 2+ and Ne 2+ calculations in Equations (3) and (7). The T e (O ii) and T e (S iii) are derived from T e (O iii) as follows (Izotov et al. 2006) :
where t(O II) = 10 −4 T e (O ii), t(S III) = 10 −4 T e (S iii), and t = 10 −4 T e (O iii). In summary, gas-phase elemental abundances are calculated from specific emission lines appearing in the rest-frame optical wavelength (e.g., [Ne iii]λ3869 and [Fe iii]λ4658) and physical conditions of ionized gas, i.e., electron temperature, density,
EMISSION-LINE MEASUREMENTS

Subtraction of the stellar component
As mentioned in section 3, the measurements of weak emission-line fluxes (e.g., [O iii]λ4363 and [Fe iii]λ4658) are required to calculate the gas-phase elemental abundances. These weak emission lines can be affected by the underlying stellar features. Therefore, we performed the spectral-fitting analysis for the stellar component based on the software of penalized pixel fitting (pPXF; Cappellari & Emsellem 2004; Cappellari 2017) , along with the MILES stellar library (Vazdekis et al. 2010) . The pPXF allows one to construct the best-fit stellar component consisting of single stellar populations with different ages, metallicities, and weights. In the fitting process, the wavelength ranges of the prominent emission lines and atmospheric absorption line are masked to avoid contamination from emission/nonstellar absorption features. The top panel of Figure 4 shows the observed 1D spectrum of the GRB 080517 host (black line) extracted from the central 5 pixels and best-fit stellar component (red line). We subtracted the best-fit stellar component from the observed spectrum. The residual spectrum is indicated by the green line. The bestfit stellar component includes single stellar populations with different ages, metallicities, and weights, as shown in the bottom panel of Figure 4 . Figure 5 and 6 are the same as Figure 4 except for the spectrum at the WR region of the GRB 980425 host and the explosion site (Hammer et al. 2006) .
On the uncertainty of the subtraction, Onodera et al. (2012) performed a similar analysis by using pPXF to construct the stellar components in low-resolution spectra (R ∼500) of passive galaxies. They also successfully reproduced the observed spectra and reported that the best-fit model is indistinguishable from that from another method with a different fitting code and different stellar library, namely STARLIGHT (Cid Fernandes et al. 2005 , 2009 ). The uncertainties of the stellarcontinuum fitting in the GRB hosts could be within the dispersion of the residual spectra in Figure 7 -9. Therefore, we use the residual spectra that potentially contain remaining stellar features to estimate the 3 σ upper limit and errors of the weak emission-line fluxes. In this sense, the uncertainty of the stellar fitting is already, to some extent, reflected in the line detection and flux errors. Note that the strong emission lines in Figure 4 -6 are not saturated.
Emission-line fitting
The residual spectra of the GRB 080517 and 980425 hosts are expanded in Figure The spectrum at the WR region of the GRB 980425 host has quite a high S/N. Actually, [O iii]λ4363 is clearly detected in our residual spectrum of GRB 980425, as shown in Figure 8 . The 3σ upper limit of the weak emission line is estimated to be 0.05 erg s −1 cm −2Å−1 in the residual spectrum by assuming the FWHM of 5.6Å measured for Hβ. This value is almost half of the 3σ (0.09 erg s −1 cm −2Å−1 ) reported in Hammer et al. (2006) . This is probably because they did not subtract the stellar component in measuring the emission-line fluxes. The stellar component can affect not only on the flux measurements of weak emission lines but also the error estimates. The noise estimate around the emission line in the 1D spectrum before the stellar subtraction is contaminated by the stellar features (e.g., zigzag pattern but not true noise), which causes an overestimate of the data dispersion and noise estimate.
The stellar features likely cause the overestimates of the errors around the weak emission lines. We assumed a conservative value of S/N=50 for strong emission lines such as [O ii]λ3727, Hα and [O iii]λ5007, rather than adopting a 1σ error of ∼0.016 erg s −1 cm −2Å−1 . The S/N of the spectrum at the site of GRB 980425 is relatively poorer than that of the WR region ( Figure  9 (Hammer et al. 2006 ) by using the nebular task in IRAF. We assumed a conservative value of S/N=10 for strong emission lines.
In combination with the strong emission-line measurements reported by Hammer et al. (2006) , we detected all of the emission lines of the WR region of the GRB 980425 host required to calculate the elemental abundances mentioned in section 3. be affected by neighboring emission lines. Therefore, we simultaneously fit [O iii]λ4363 and [Fe iii]λ4658 along with nearby emission lines, as shown in Figure 10 . Although we set the base line as a free parameter, the value is actually almost identical to 0.0.
We summarize the measured emission-line fluxes in the spectra of the GRB 080517 and 980425 hosts in table 1 along with the strong emission-line fluxes reported in the literature (Hammer et al. 2006; Stanway et al. 2015) .
GAS-PHASE ABUNDANCE
The gas-phase iron and oxygen abundances of our sample are calculated according to the formulations in section 3. We used extinction-corrected emission-line fluxes based on the extinction law by Calzetti et al. (2000) and the Balmer decrement (intrinsic Hα/Hβ = 2.86). Adopting the different extinction laws, such as the Milky Way law (Seaton 1979) , and different intrinsic values of Hα/Hβ (Osterbrock 1989) has no impact on abundance measurements, because the resulting difference is smaller than the typical statistical uncertainty of the abundance measurement, ∼ 0.1 dex (Stasińska 2005 ). The gas-phase metal abundances are summarized in table 2 along with the adopted solar abundances. Figure 11 are possible only for galaxies with strong emission lines. In general, the star-forming galaxies with strong emission lines are biased toward higher star-forming rates and lower metallicities (e.g., Mannucci et al. 2010 ) with young stellar populations (Izotov et al. 2006 ). Therefore, the iron-measured SDSS galaxies collected here are not representative of the star-forming galaxies in the universe. These galaxies are biased toward lower metal-4400 4600 4800 5000 5200 5400 5600 5800 6000
Observed In the left panel of Figure 11 , the gas-phase iron abundance, [Fe/H] gas , of GRB 080517 is well below than that of the majority of the iron-measured SDSS galaxies regardless of the assumption of the electron temperature. While the GRB 980425 host almost overlaps with the iron-measured SDSS galaxies, the upper limit on [Fe/H] gas at the GRB position is slightly lower than that at the WR region, suggesting the low iron abundance environment at the explosion site.
The top-heavy IMF is also expected to produce strong emission lines through intense ionizing photons from massive stars. Thus, the iron-measured SDSS galaxies also might be biased toward the top-heavy IMF. As mentioned in section 1, young stellar populations and the top-heavy IMF can increase the ratios of α elements to iron, such as [O/Fe] . In the right panel of Figure 11 , as is expected from the possible bias toward young age and/or top-heavy IMF, the iron-measured SDSS galaxies show the overabundance of oxygen compared with iron, i.e., [O/Fe] gas > 0.0, likely due to the less iron enrichment by SNe Ia and/or abundant production of oxygen relative to iron by the top-heavy IMF. The [O/Fe] gas of the GRB 080517 host is larger than that of the ironmeasured SDSS galaxies. The [O/Fe] gas of the GRB 980425 host is comparable to that of the lowest end of the iron-measured SDSS galaxies and is still higher than the solar value. The [O/Fe] gas at the GRB position is indicated to be higher than that in the WR region.
In terms of the gas-phase iron abundance, these GRB hosts are consistent with or outstanding from the ironmeasured SDSS galaxies, which suggests peculiarly low iron abundances and significant overabundances of oxygen relative to iron. However, iron is a well-known refractory element whose gas-phase abundance can be ∼ 1-2 orders of magnitude less than that locked onto dust grains, depending on the physical environment in the interstellar medium (e.g., Oliva et al. 2001; De Cia et al. 2016) . Therefore, the iron environment related to the mechanism of GRBs should be investigated by the total abundance, including both of gas-phase abundance and depleted abundance onto dust grains.
6. TOTAL ABUNDANCE 6.1. Depletion factor
The gas-phase abundance of a specific element X, [X/H] gas , can be simply expressed as
4400 4600 4800 5000 5200 5400 5600 5800 6000 Emission-line identification in the residual spectrum of the GRB 080517 host galaxy. The the best-fit stellar component (red) is subtracted from the observed spectrum (black), resulting in the residual spectrum (green). A constant value is added to the observed spectrum and best-fit stellar component.
where [X/H] total is the total abundance of element X and δ X is the depletion factor, which is basically negative. The gas-phase abundance ratio of X to the α element, neon, is
because neon is a nonrefractory element (or noble gas), i.e., δ Ne = 0. believed to be produced by the same physical process through SN IIe. Therefore, the abundance ratio of two α elements is expected to be the solar value as a firstorder approximation, and the deviation from the solar value is likely dominated by the depletion factor of the α element (e.g., Steidel et al. 2016 ). If such is the case, Equation (21) is equivalent to [α/Ne] gas = δ α .
(22) Figure 12 shows the [X/Ne] gas of the iron-measured SDSS galaxies and our GRB sample as a function of electron temperature. In the top panel of Figure 12 , the iron-measured SDSS galaxies actually show the almostconstant value of [O/Ne] gas =0.0 with the dispersion of the typical observational uncertainty of the abundance ratio, i.e., ∼0.14 dex, assuming the uncertainty of 0.1 dex (Stasińska 2005) for each element. In general, oxygen is more similar to nonrefractory elements than sulfur or iron (e.g., De Cia et al. 2016) . Therefore, the effect of the depletion of oxygen is very small, and the abundance ratio approaches the solar value. The [O/Ne] gas of the iron-measured SDSS galaxies with lower electron temperatures is slightly lower than the solar value. There may be a very weak dependency of the depletion factor of oxygen on electron temperature.
This trend is more obvious in the middle panel of Figure 12 . Sulfur is more easily depleted onto dust grains than oxygen. Thus, the [S/Ne] gas of the iron-measured SDSS galaxies shows a larger offset from the solar value compared with oxygen. The dependency of [S/Ne] gas on electron temperature indicates that the depletion is more significant in the environment with the lower electron temperature. In the environment with lower the temperature, dust grains likely can survive and condense easily, in which abundant elements are depleted onto dust grains, i.e., the lower value of [S/Ne] gas . The higher electron temperature likely destroys more dust grains, which results in more abundant elements in gas, and the gas-phase abundance ratio approaches to the solar value. The significant variation of the depletion levels observed in galaxies is believed to be due to the dust condensation in the interstellar medium (e.g., De Cia et al. 2016). Iron, an element with a high condensation temperature, below which 50% or more of the element is removed from the gas phase at a pressure of 10 low condensation temperature, such as oxygen (Savage & Sembach 1996) . This elemental-dependent depletion pattern is likely scaled by the temperature environment of the interstellar medium. In fact, the gas-phase abundances in the cool diffuse cloud in the Milky Way are systematically more heavily depleted than those in the warm cloud (Savage & Sembach 1996) .
The iron-to-neon abundance ratios (bottom panel in Figure 12 ) of the iron-measured SDSS galaxies indicate a further larger offset from the solar value. This is expected from not only a stronger iron depletion than oxygen and sulfur but also the lesser contributions of iron enrichment by SNe Ia due to the young age (and/or topheavy IMF) of the iron-measured SDSS galaxies. (Hammer et al. 2006; Stanway et al. 2015) .
The observational biases of the iron-measured SDSS galaxies, i.e., low metallicity, possible young age, and top-heavy IMF, are basically related to the amount of α elements. Supposing that the ratio of α elements cancels out such special characteristics, the ratio is determined by the depletion factor, which primarily depends on the temperature environment of the interstellar medium. To estimate the depletion factor as a function of electron temperature, we performed a polynomial fitting for the [S/Ne] gas -Te relation of the iron-measured SDSS galaxies (red line in the middle panel of Figure 12 While the physical properties and chemical evolution of DLAs are probably different from those of the Milky Way, the depletion properties are linearly continuous in [Zn/Fe] all the way from the DLAs to the Galactic absorbers. The depletion properties of the Small Magellanic Cloud and Large Magellanic Cloud (Tchernyshyov et al. 2015) are also consistent with the depletion sequences as a function of [Zn/Fe] observed in DLAs and the Milky Way. This suggests that the depletion properties can be investigated apart from the variety of individual characteristics of star-forming galaxies. Therefore, we use their formulations to investigate the depletion properties of the iron-measured SDSS galaxies and GRB hosts.
De Cia et al. (2016) empirically characterized the trend of depletion factors of oxygen, sulfur, and iron with a factor of [Zn/Fe] as follows:
By erasing the term of [Zn/Fe], we get the relation between the depletion factors of sulfur and iron,
and the relation between the depletion factors of sulfur and oxygen,
Equations (23), (27), and (28) Gas-phase abundance ratios of the GRB 080517 and 980425 hosts (colored data points) as a function of electron temperature. Error bars contain observed errors of flux measurements and the statistical uncertainty of the abundance determination (0.1 dex) for each element. Gas-phase abundance ratios measured in the iron-measured SDSS galaxies are indicated by black dots. The solar value is show by horizontal dashed lines. The red line is the polynomial fitting of the [S/Ne]gas-Te relation of the iron-measured SDSS galaxies.
oxygen, sulfur, and iron of individual galaxies, we estimated the total abundances of these elements both in the iron-measured SDSS galaxies and in the GRB host sample. The calculated gas-phase abundances, depletion factors, and total abundances of GRB 080517 and 980425 are summarized in table 2.
Total iron abundance
As mentioned in section 5, the iron environment of GRBs should be examined by the total abundance. ure 13 is the same as Figure 12 but for the total abundance ratios. The total abundance ratios of [O/Ne] total and [S/Ne] total of the iron-measured SDSS galaxies distribute around the solar value as expected. After the corrections for iron depletions, the [Fe/Ne] total of the iron-measured SDSS galaxies still deviates from the solar value. The deviations likely reflect individual characteristics of different star-forming histories that result in different contributions of iron enrichment by SNe Ia and/or different IMFs. Although only a lower limit is estimated for GRB 080517 due to the nondetection of [Ne iii]λ3869, the [Fe/Ne] total at the site of GRB 980425 is lower than the majority of the iron-measured SDSS galaxies, suggesting the low iron abundance nature of the GRB environment.
The low iron abundances of our GRB sample are also confirmed in Figure 14 . Figure 14 is the same as Figure 11 but for the total abundances, in which the error bars of the GRB sample contain the observational errors of the emission-line fluxes and statistical uncertainty of the abundance calculation (0.1 dex) and uncertainty of δ S (0.109 dex). In the left panel of Figure 14 , the total oxygen and iron abundances of the iron-measured SDSS galaxies are well below the solar value. The [Fe/H] total of the two GRB hosts is comparable to that of the ironmeasured SDSS galaxies or still located at the lower part, even though the iron-measured SDSS galaxies are biased toward low metallicity. Although the error bars are large, this trend is exactly same as that seen in Figure 11 . We also roughly estimated the upper limits of the [Fe/H] total of normal star-forming galaxies selected from the SDSS DR7. We used the 3σ uncertainty of the weak emission line in individual spectra to estimate the upper limit of [Fe iii]λ4658 flux and assumed an electron temperature of T e (O iii)=1.0 4 K. The individual upper limits are derived in the same way as the iron-measured SDSS galaxies and GRB hosts. The first and 99th percentiles of the upper limits in [Fe/H] total are shown by solid lines. At least 1 % of normal star-forming galaxies indicate [Fe/H] total −0.5, which is consistent with GRB host galaxies. Note that the value of 1% here is the lower limit, because the other 99% might also show [Fe/H] total −0.5 due to the nondetections of the [Fe iii]λ4658 line in these galaxies.
In the right panel of Figure 14 , the iron-measured SDSS galaxies with low [O/H] [O/Fe] total of the ironmeasured SDSS galaxies. The lower limit of [O/Fe] total at the position of GRB 980425 is slightly higher than that of the WR region and the solar value. The first and 99th percentiles of the lower limits of [O/Fe] total are estimated in normal star-forming galaxies (solid lines). At least 1% of normal star-forming galaxies selected from the SDSS DR7 indicate [O/Fe] total 0.22, which is consistent with GRB host galaxies.
Metallicity of star-forming galaxies is known to be primarily regulated by stellar mass (e.g., Tremonti et al. 2004) . There are correlations between stellar mass and oxygen abundance both in normal star-forming galaxies and in iron-measured SDSS galaxies in Figure 3 . The iron abundance is also expected to correlate with stellar mass, even though the iron-measured SDSS galaxies are biased toward low metallicity. Therefore, the stellar mass-iron abundance relation is useful to clarify whether the low iron abundance of GRB hosts originates in the GRB mechanism or is just regulated by the stellar-mass effect. Figure 15 shows the stellar mass-iron abundance relation of the iron-measured SDSS galaxies. The stellar mass correlates with iron abundance as expected. The iron abundance of GRB 080517 is comparable to or below the stellar mass-iron abundance relation of the ironmeasured SDSS galaxies, in contrast to the oxygen abundance, which is well above the stellar mass metallicity relation of the iron-measured SDSS galaxies, as shown in Figure 3 . The iron abundance of GRB 980425 is consistent with the stellar mass-iron abundance relation of the iron-measured SDSS galaxies. Taking into account the possible bias of the iron-measured SDSS galaxies toward low metallicity, the stellar mass-metallicity relation based on iron abundance also supports the low iron abundance property of the GRB environment.
DISCUSSION
As suggested in section 6.2, the GRB 080517 host and the site of GRB 980425 favor an environment with low iron abundance, even though the oxygen abundance of GRB 080517 is indeed comparable to the solar value. The total iron abundances of these two GRB environments can be explained by the prediction of the sin- gle massive star scenario, i.e., [Fe/H] -1.0 (Yoon et al. 2006) . In general, GRB hosts are considered to be young starforming galaxies (e.g., Savaglio et al. 2009 ) and could be biased toward the top-heavy IMF if GRBs actually originate in single massive stars. These two aspects of GRB hosts may yield the high value of [O/Fe] exceeding the solar value according to the following arguments. Galaxies younger than ∼ 10 9 yr probably have not yet experienced with chemical enrichment by SNe Ia which produce the majority of iron, but have experienced SNe II, which produce α elements such as oxygen, resulting in a high value of [O/Fe] . In addition, elemental yields of SN IIe show that [α/Fe] increases with increasing progenitor mass (e.g., Wyse & Gilmore 1992; Woosley & Weaver 1995) . Thus, top-heavy IMFs produce more abundant massive stars and higher [O/Fe] .
In fact, the age of the GRB 080517 host indicated from the best-fit stellar component is 10 9 yr (bottom panel of Figure 4 ). Stanway et al. (2015) suggested the post-starburst stellar population with the age of 0.5×10 9 yr based on the spectral energy distribution from the ultraviolet through to the infrared. The host galaxy of GRB 080517 is likely young enough to lack the chemical enrichment by SNe Ia. In the spectra of the GRB 980425 host, relatively older stellar populations of ∼ 10 9.6 −10 10.3 yr are underlying (bottom panels of Figure 5 and 6) in both the WR region and GRB position. Although there could be the contribution of the chemical enrichment by SNe Ia, GRB 980425 is still consistent with the iron-measured SDSS galaxies, i.e., galaxies biased toward low metallicity, in Figure 14 Stellar mass-iron abundance relation of the iron-measured SDSS galaxies. Symbols are the same as in Figure 14 .
the GRB 980425 host is not sufficient to push it to the normal star-forming galaxy.
Given the Salpeter IMF, the prediction of nucleosynthesis models of SNe II yields [O/Fe] total ∼ 0.4. This value can be as large as ∼ 0.7 if a top-heavy IMF slope is assumed (Wyse & Gilmore 1992) . According to the evolutionary population synthesis models, the top-heavy IMF produces the larger fractional ratio of WR stars in young massive stars, because the proportion of WR progenitors among the new stellar generation is greater when the IMF is flatter (e.g., Meynet 1995) Since the error bars in Figure 14 are large, we cannot rule out the possibility that the [O/Fe] total of GRB 080517 and explosion site of GRB 980425 are actually higher than the expectations from the young age and top-heavy IMF. The oxygen-to-iron abundance ratio can be around [O/Fe] total ∼1.0 within the error bars. Such a high value of [O/Fe] is difficult to explain in terms of the young-age stellar population and top-heavy IMF. One possible explanation is the fallback mechanism of the inner core materials of SNe II. If the explosion energy is low, especially for massive stars, the ejected velocities of most of the 56 Ni synthesized by explosive Si burning do not reach the escape velocity. Such 56 Ni falls back onto the compact remnant, and only a small amount of 56 Ni is mixed into the ejected materials. Even for energetic explosions, fallback of a large amount of core materials (including 56 Ni) can occur if the explosion is very aspherical to form a jet, and the rate of energy deposition in the jet is slow (Tominaga et al. 2007 ). In these SNe II, the small amount of ejected 56 Ni decays into 56 Fe via 56 Co to power the light-curve tail, which is called faint SNe (e.g., Nomoto et al. 2013) . In these SNe II with fallback, a large fraction of C, O, and other α elements in the outer layers is ejected. As a result, yields of faint SNe II are expected to show high values of [α/Fe] 1.0. This idea has been introduced to explain the abundance patterns of carbon-enhanced extremely metal-poor stars (e.g., Tominaga et al. 2007 ), hypermetal-poor stars (e.g., Iwamoto et al. 2005 ) and carbon-enhanced damped-Lyα systems (e.g., Cooke et al. 2011; Kobayashi et al. 2011) .
The gamma-ray brightness of GRB 980425 is about 100 times fainter than that of other GRBs for which the associations with SNe are confirmed (Hammer et al. 2006 ). However, the actual peak luminosity of the associated SN is unusually high compared with typical Type Ic SNe (Galama et al. 1998 ). GRB 080517 is also categorized into the low-luminous GRBs (Stanway et al. 2015) . The SN component associated with the burst has not been detected. Therefore, the fallback may be important in the environment of GRB 080517 rather than GRB 980425. The observed sample is small, and the error bars of [O/Fe] total are large. Therefore, increasing the number of samples is quite important to investigate this hypothesis.
It would be worth mentioning the [Fe/H] implied in other GRB host galaxies. The host galaxy of GRB 051117B indicates the highest oxygen abundance of GRB host galaxies (Krühler et al. 2015) at present. The oxygen abundance is 12 + log(O/H) = 8.66 based on the PP04N2 method (Pettini & Pagel 2004) , which is calibrated to the Te method. If the [O/Fe] total of the GRB 051117B host is 0.7-1.0 as seen in the 080517 host, the iron abundance of the 051117B host is estimated to be [Fe/H]=-1.0 to -0.7. These values are still roughly consistent with the theoretical predictions of [Fe/H] -1.0. Therefore, the high oxygen abundances found in some other GRB hosts (e.g., Graham & Fruchter 2013; Hashimoto et al. 2015; Krühler et al. 2015) do not necessarily indicate high iron abundances or exclude the single massive star scenario. On the other hand, if the [O/Fe] ratio is lower in the GRB 051117B host, then its [Fe/H] could be higher than the theoretical prediction of the single massive star scenario.
The iron abundance can also be estimated from the absorption system of GRB afterglow. As in the case of average host metallicity based on emission-line diagnostics, it is not necessary for the absorption system to reflect the physical environment of the vicinity of GRBs. The elemental abundances, including Zn, Si, S, and Fe, measured in GRB afterglows are actually lower than the solar value without any correction for the dust depletion (Cucchiara et al. 2015) , although many of them are lower limits due to the poor spectral resolution. Wiseman et al. (2017) investigated elemental abundances in 19 GRB afterglows based on high-resolution spectra with a correction for dust depletion. In their high-resolution spectra, only one GRB shows an iron abundance comparable to the solar value after the depletion correction. The observations of GRB afterglows basically support the low iron abundance environment of GRBs, except for a few high-metallicity cases (e.g., Savaglio et al. 2012; Wiseman et al. 2017) . We note that the abundance measurement in afterglow is severely biased toward optically bright events and is almost impossible in optically faint/dusty populations of GRB host galaxies, such as GRB 080517 in our sample. In some cases, the emission line is still useful to measure metallicity even in dusty GRB host galaxies (e.g., Hashimoto et al. 2015) and provides spatially resolved information that is essentially important to investigate the local environment around GRBs. The systematic difference between emission-and absorption-based abundance measurements is also ambiguous. Therefore, a complementary test from emission and absorption lines is necessary to reveal the physical environment of GRBs.
CONCLUSIONS
The widely accepted single massive star scenario predicts that GRBs occur in low-metallicity environments. In the scenario, a low iron abundance ([Fe/H] -1.0) is required rather than oxygen for a massive star to launch the relativistic jet.
However, oxygen has often been used to measure abundances of GRB host galaxies because its strong emission is easier to detect. Puzzlingly, the measured oxygen-based abundances of some GRB host galaxies have been higher than theoretically expected.
In this work, we measured iron abundance, which is more directly connected to the theory. We obtained restframe optical spectra of two nearby GRB host galaxies (GRB 080517 and 980425). We successfully detected weak [Fe iii]λ4658 emission lines in the spectra of the GRB 080517 host and WR region of GRB 980425 and constrained the upper limit of the iron abundance at the explosion site of GRB 980425. The total iron abundances of the GRB 080517 host and explosion site of GRB 980425 are well below the solar value, even though the oxygen abundance of the GRB 080517 host is comparable to the solar value. Although the error bars of iron abundances are large, the [Fe/H] total of our sample can be explained by the theoretical predictions ([Fe/H] -1.0) of the single massive star scenario. Relying only on oxygen abundance could mislead us on the origin of the GRBs.
The oxygen-to-iron ratio, [O/Fe] total , of the GRB 080517 host is comparable to the highest value of the iron-measured SDSS galaxies. The high [O/Fe] suggests that more oxygen has been produced in massive stars than iron from less massive stars. This situation can happen in (i) young galaxies where many type Ia SNe have not exploded yet or (ii) under a top-heavy IMF, where the fractions of massive stars are higher. The ob-served young stellar age ( 10 9 yr) of the GRB 080517 host supports scenario (i), though a conclusive argument on the importance of the scenario (ii) is difficult based on our small sample. Alternatively, the fallback scenario of the SNe could also explain high [O/Fe] . In any case, iron is more directly related to the single massive star scenario of GRBs than oxygen. Our work is just the first step in this direction. In the future, it is important to investigate iron abundances of more GRB host galaxies.
